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modeling episodic sand production in boreha b s t r a c t
The lattice Boltzmann method (LBM) is implemented in the Particle Flow Code (PFC) as a pore-scale
CFD module and coupled with the particulate discrete element assemblage in PFC using an
immersed boundary scheme. The implementation of LBM and LBM-PFC coupling is validated with
the analytical solutions in a couple of hydrodynamics and ﬂuid-particle interaction problems, i.e.,
the accuracy of LBM as a CFD solver is veriﬁed by solving channel ﬂow driven by a pressure gradient
for which the closed-form solution is also derived; the accuracy of LBM-PFC coupling is validated by
solving ﬂow across a cylinder, Taylor-Couette ﬂow, Karman vortex street, and ﬂuid ﬂow through a
cylinder array. To demonstrate potential applications of this coupling code, a perforation cavity
subjected to axial ﬂuid ﬂush is then tested, showing that the collapse and reconstruction of sand
arch in the perforation cavity can be reproduced in this coupling system. The developed system is
ready for exploring more complicated physical issues involved in sand production.
Copyright © 2016, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The ﬂuids stored in the pore space of reservoir formation
usually need to ﬂow through the perforation wall into the
perforation cavities before they can be produced from the pro-
duction well. As the reservoir pore ﬂuids squeeze into the
perforation cavities, the pressure gradient can be relatively high
in the region surrounding the perforation cavities. The pore
ﬂuids may impose considerable drag on the solid matrix, thus
signiﬁcantly modifying the stress state in this region. If the
perforations are located in a weak formation like weakly
consolidated sandstone, the change of the stress state may leadil, Environmental and
tes.
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ole, Petroleum (2016), httto yielding or collapse within the perforation walls. Some grains
in the failed area may be dragged by the pore ﬂuids then
transported to the production well, with the result that some
amount of sand grains is produced together with the reservoir
ﬂuids.
The grain loss results in the evolution of perforation cavities.
This evolution process is inﬂuenced by the physical state of the
formation inwhich they reside, such as stress, strength, porosity,
permeability, grain size; the characteristics of ﬂowing pore ﬂuids
including pressure gradient, ﬂuid viscosity and ﬂow rate; well
completion factors such as perforation size, spacing, depth and
orientation; and production practices like well shut-in and bean-
up methods. More importantly, most factors are dynamic and
interleaved rather than static during this evolution process, e.g.,
the removal of sand grains will change the local permeability,
porosity and pressure gradient, and consequently induce redis-
tribution of stress and ﬂuid ﬂow ﬁelds in the local area [1e5].
The ﬂuid ﬂow between the reservoir formation and the
perforation cavity is believed to be responsible for initializing
sand production through introducing mechanical or hydrody-
namical instability near the perforation cavity. Firstly, the pore
ﬂuids drag and erode away the sand grains from the solid matrix,ing by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open
y-nc-nd/4.0/).
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adjustment inside the formation. Secondly, stress re-
adjustment causes localized stress concentration and damage,
loosening more grains, which are more easily dragged and car-
ried away by the ﬂuid ﬂow [6e9].
Sand-production related issues, such as borehole instability,
casing collapse, well cleaning and restricted production rates,
cost oil industry millions of dollars every year. Due to the lack of
certainty in sanding prediction, the oil industry is often conser-
vative, using expensive measures, such as gravel packs, screen
liners and downhole sand consolidation, to control sand pro-
duction. Accurate prediction of destabilization and evolution of
perforation cavities will be very helpful in selecting the
maximum drawdown without sand control, perforation-
cleaning schemes and optimum well-completion methods. In
practice, the often-used predictive techniques include ﬁeld tests,
laboratory experiments and numerical simulations [1,10e14]. For
weakly consolidated sandstones, most widely used physical
experiment is perforation cavity (sand arch) test, in which the
sand production is related to the sand arch stability. The main
mechanism to capture is the ﬂuid erosion. Since the laboratory
experiments are limited to small scale in addition to many other
limitations such as high costs and low resolution, the numerical
modeling is often adopted as the most important investigation
tool in actual sand production research activities.
In general, the numerical models may be categorized into
continuum method and discrete method. Most continuum
methods are formulated within the framework of poro-elastic
theory [15,16] with plasticity criteria embedded at the limit of
elasticity. Continuum methods may be able to predict the onset
of sand production using the mechanical yielding as the indica-
tor, but they have difﬁculty to capture themicro-cracking and the
movement of grains after the solid matrix becomes dis-
integrated. Distinct element method (DEM) is the most often
used discrete method [17,18]. In DEM, the solid matrix of the
reservoir formation is modeled by packed particle assembly. The
mechanical behaviors of the particle assembly are realized at
contacts by appropriate contact and bonding laws, for example,
the assembly behaves elastically if there is no change in contact
and bonding states; when some contacts start to separate or slip
or bonding breakage occurs, the assembly begins to perform
plastic response; the detachment of an element or clump from
the matrix is a natural consequence of losing its connections
with other elements that are still associated with the solid ma-
trix; detached elements can also be trapped thus taken back by
the solidmatrix. It seems evident that DEM is a suitable approach
for modeling the solid matrix component in sand production.
Indeed, DEM has been adopted to experiment various mecha-
nisms in sand production in the past twenty years. In these in-
vestigations, different ﬂuid ﬂow methods, ranging from
empirical relation, continuum Darcy's law, pipe network model,
to mesoscopic method, were employed to simulate the effects of
the ﬂuid ﬂow in the pore space [7,19e23].
In this study, the lattice Boltzmann method (LBM) is imple-
mented in the particulate DEM code PFC distributed by Itasca
[24] and coupledwith the particle assembly. LBM is amesoscopic
kinetic model; it can recover compressible NaviereStokes
equations at incompressible limit [25e28]. The ﬂuid will interact
with solids once they overlap or touch in space. In our imple-
mentation, the interaction at the ﬂuid-solid interface is modeled
by the immersed boundary scheme proposed by Noble and
Torczynski [29]. In this system, non-Darcy or turbulent ﬂow
emerges automatically at the locations where it is physically
expected, the corresponding effects on eroding and transporting
particles can be captured in a natural manner. The ﬂuid ﬂowPlease cite this article in press as: Y. Han, P. Cundall, Veriﬁcation of tw
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of solids from the matrix, the weakening and stress adjustment
within the solid matrix and the subsequent inﬂuence on the ﬂow
ﬁeld is modeled realistically. As a result, the dependence among
porosity, permeability and stress state is modeled as a conse-
quence rather than an assumption. The inﬂuence of the local
geometry and the transition between mechanical yielding and
hydrodynamic erosion evolve naturally.
In the next section, we will brieﬂy review the coupling
scheme and governing equations in LBM-PFC coupling system. In
Section 3, the validity of the newly developed components in the
coupling system is demonstrated using three examples, i.e., the
correctness of LBM implementation is illustrated by modeling
pressure-driven channel ﬂow problem. The accuracy of ﬂuid-
solid interaction is tested by measuring ﬂuid drag force and
moment over a single particle in the ﬂow ﬁeld. Fluid ﬂow
through an array of many particles shows that the Darcy's law
can be recovered in this system. In Section 4, the collapse and
reconstruction of sand arch in a perforation cavity is experi-
mented. The summary and concluding comments are given in
the last section.
2. LBM-PFC coupling system
The developed LBM-PFC coupling system consists of three
components, i.e., particle assembly representing solid matrix of
porous media, LBM ﬂuid lattice with propagating ﬂuid packets
simulating pore-scale ﬂuid ﬂow, and an immersed boundary
scheme handling ﬂuid-solid interaction. The detailed presenta-
tion of these components can be found in Refs. [17,18,24,27e29].
Here we only give some explanatory and commentary notes on
the governing equations in the coupling system presented in
Fig. 1. Note, although LBM has been implemented in both two
dimensional and three dimensional commercial Itasca codes, i.e.,
PFC2D and PFC3D, we limit our discussion to two-dimensional
code in this paper.
2.1. Theoretical formulation in distinct element method
The theoretical formulations in LBM-PFC coupling system are
listed in Fig. 1, with the DEM equations on the left and LBM
equations on the right. In the equation of motion, Fi is the
resultant force vector, the sum of all externally applied forces
acting on the particle;m is the total mass of the particle; €xi is the
acceleration vector; and gi is the body force acceleration vector
(e.g. gravity loading); Mi is the resultant moment vector acting
on the particle; I is the moment of inertia of the particle; €qi is the
rotational acceleration vector. In the force-displacement equa-
tion, Fni is the normal component vector of the contact force; K
n is
the secant normal stiffness; Un is the normal component vector
of the displacement; DFSi is the incremental shear component
vector of the contact force; Ks is the tangential shear stiffness;
DUSi is the incremental shear component vector of the
displacement. Note stiffness properties (i.e., Ks and Kn) are not
necessarily constants, e.g., in Hertz-Mindlin model, they are
dependent of particle radii, contact force and other material
properties [24].
In PFC, two sets of equations are solved using explicit differ-
ence scheme for the distinct particulate assembly. In the solution
scheme, a stable time-step is carefully picked such that infor-
mation cannot propagate from a particle farther than its imme-
diate neighbors in one step. In each computational loop,
Newton's second law (equation of motion) is solved for all the
particles and the force-displacement law solved at all the con-
tacts. When bonds are present at contacts, they may contributeo-dimensional LBM-DEM coupling approach and its application in
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Fig. 1. LBM-PFC coupling system.
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forces at contacts need to be checked with the bonding strength,
e.g., see Pontyondy and Cundall [30].2.2. Governing equations in lattice Boltzmann method and
immersed boundary scheme
The concept of ﬂuid-solid interaction in LBM-PFC coupling
system is sketched in Fig. 2. In LBM, the basic unit is packet of
ﬂuid particles. The packets keep propagating and colliding across
the lattice and get bounced back when hitting solid boundary
(solid boundary in LBM or the solid particle surface). In the
evolution equations of LBM in Fig. 1, xi is a physical point in the
lattice space; ea is the lattice velocity vector; dt is the timestep; t
is the dimensionless relaxation factor,t ¼ l/dt, l is the relaxation
time; a is the discretized direction; fa(xi,t) is the particle distri-
bution function (PDF); f eqa (xi,t) is the equilibrium distribution
function (EDF):Fig. 2. (a) Two-dimensional, nine-velocity (D2Q9) LBM model; (b) co
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ðea$uÞ2
c4
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2
u$u
c2
(1)" #
where r is the density; u is the velocity vector; c is the lattice
speed (dx/dt, dx is the lattice node spacing); wa is a weighting
factor. In two-dimensional, nine-velocity (Fig. 2(a)) LBM model,
ea ¼ (0,0), wa ¼ 4/9 for a ¼ 0, ea ¼ (± 1,0)c, (0,± 1)c, wa ¼ 1/9 for
a ¼ 1e4, ea ¼ (± 1, ± 1)c, wa ¼ 1/36 for a ¼ 5e8. The density (r)
and velocity (u) are related to PDF (fa) and lattice velocity vector
(ea) as:
r ¼
X
fa ru ¼
X
eafa (2)
The equation of state of an ideal gas is used to link pressure
and density:
p ¼ rc2s (3)ncept of ﬂuid particle interaction in LBM-PFC coupling system.
o-dimensional LBM-DEM coupling approach and its application in
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Fig. 3. Poiseuille channel ﬂow.
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ﬃﬃﬃ
3
p
. The timestep (dt) is
restricted by viscosity (n), sound speed (cs) and relaxation factor
(t):
dt ¼ n
c2s ðt 1=2Þ
(4)
A parameter B is introduced here to correct the collision
phase of LBM due to the presence of solid particles, which is
deﬁned as:
B ¼ εðt 1=2Þð1 εÞ þ ðt 1=2Þ (5)
ε is the area fraction at a lattice node (see its associated area in
Fig. 2(b)) overlapped by the solids. It can be seen that, in the case
of ε ¼ 1, the lattice node behaves like a solid node bouncing back
all the ﬂuid particles to their incoming directions; in the case of
ε ¼ 0, the collision equation will reduce to the regular LBM
collision equation:
faðxi; t þ dtÞ ¼ faðxi; tÞ 
1
t

faðxi; tÞ  f eqa ðxi; tÞ

(6)
The new collision operator USa for nodes having overlap with
solids is:
USa ¼ faðxi; tÞ  faðxi; tÞ þ f eqa ðr;uSÞ  f eqaðr;uÞ (7)
where uS is the velocity of the solid; the subscript a indicates
the direction opposite to a. The basic idea is to bounce back the
non-equilibrium portion of the particle distributions in this
collision operator.
The center part in Fig.1 shows the two-way coupling between
PFC and LBM. The PFC particles affect the collision term in the
evolution equation of LBM, while the LBM ﬂuid contributes
additional forces (Ff) and torque/moment (Mf) to the equation of
motion in PFC:
F f ¼
ðdxÞD
dt
X
n
Bn
X
a
USaea (8)
Mf ¼
ðdxÞD Xðxi  xSÞ 
 
Bn
X
USaea
!
(9)dt n a
where D is the domain dimension, it is equal to 2 here; xS is the
center location of the solid particle; Bn is B at node n. Note thatPlease cite this article in press as: Y. Han, P. Cundall, Veriﬁcation of tw
modeling episodic sand production in borehole, Petroleum (2016), httEquation (6) is solved for all lattice nodes including those occu-
pied by the solid particles.
Four types of boundary conditions are implemented in our
system, i.e., periodic, solid, pressure and velocity boundaries.
Once periodic boundary is claimed for a direction, the ﬂow is
directed from the outlet to the inlet in that direction at propa-
gation stage. At a solid lattice node, the simple bounce back rule
is applied at the collision stage. The pressure and velocity
boundary conditions are handled by the analytical solutions due
to Zou and He [30]. The gravity is taken into account through
altering velocity [31].3. System veriﬁcation
PFC has been widely applied in many ﬁelds to solve different
problems in last decades, so there is no need to validate the DEM
scheme in the developed LBM-PFC coupling system. LBM has also
been veriﬁed and proved to be an accurate ﬂuid ﬂow solver for
laminar and turbulent, steady and unsteady, single and multi-
phase ﬂows [26]. Immersed boundary scheme (IBS) was also
validated when it was proposed. In this section, we simply set up
a couple of models to demonstrate the implementation cor-
rectness of LBM and IBS in our system. In the ﬁrst problem, the
pressure boundary condition of LBM is chosen and tested
because it will be used in the arch experiment in the next section.
The second problem veriﬁes the correctness of IBS imple-
mentation through demonstrating that the ﬂuid drag force and
moment on a single particle can be captured accurately in our
system. Additional veriﬁcation examples on LBM and IBS
implementation in our system can be found in Han and Cundall
[32e35]. In the third problem, we let LBM ﬂuid ﬂow through an
array of many particles to show that the systematic physics
observed at macroscopic level (i.e., the Darcy's law) can emerge
out automatically from this mesoscopic-microscopic coupling
system.3.1. LBM modeling of channel ﬂow
Poiseuille channel ﬂow describes the laminar ﬂow of viscous
ﬂuids moving laterally between two parallel plates (see Fig. 3).
The ﬂow can be driven by a velocity at the inlet and outlet, a
linear pressure gradient or a gravitational pressure gradient. In
this simple, classic problem, the velocity and pressure ﬁeld can
be evaluated analytically at steady state.o-dimensional LBM-DEM coupling approach and its application in
p://dx.doi.org/10.1016/j.petlm.2016.07.001
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analytical solution of the x-velocity distribution across the
channel (along the y-direction) is:
uxðyÞ ¼ dpdx

a2  y2
2n
(10)
In our LBM channel ﬂowmodel, we take a¼ 5 and L¼ 20. The
model is solved to steady state with lattice site spacing (dx) ¼ 1,
0.5 and 0.25. Viscosity is chosen as 0.011. For each dx, the
timesstep (dt) and relaxation factor (t) are adjusted to have a
constant lattice speed (e.g., c¼ 1). In LBM, the pressure boundary
is enforced through changing and ﬁxing density at boundary
nodes (see Equation (3)). The density difference (dr) between
two ends may be computed based on the selected Reynolds
number (e.g., Re ¼ 10):
dr ¼ 9Lv
2LRe
2a3c2
(11)
For channel ﬂow, the Reynolds number is deﬁned as Re¼ 2aU/
v, where U is the averaged ﬂuid velocity in x-direction at inlet; it
is affected by ﬂuid geometry, velocity and ﬂuid properties.
In each LBM simulation, after the ﬂuid lattice is generated,
velocity at all the nodes is initialized to zero and density
initialized to 1. The particle distribution functions are initialized
using Equation (1) with zero velocity assumed. The top and
bottom boundaries are marked solid so that the bounce back rule
applies. To achieve the desired Reynolds number, the density at
outlet nodes is ﬁxed at 1, the density at inlet boundary is
increased to include the contribution of Equation (11).
The LBM-computed x-velocity distribution across the channel
at steady state is compared with the analytical solution in Fig. 4.
The relative error is 9.85%, 3.14% and 1.14% for dx¼ 1, 0.5 and 0.25,
respectively.Fig. 4. X-velocity distribution across the
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3.2.1. Fluid drag on a stationary particle
Fluid ﬂow over a cylinder is a classical problem in the area of
ﬂuid dynamics. For a ﬁxed cylinder sitting in the middle of a
creeping channel ﬂow (Fig. 5), Faxen derived the approximate
solution of drag force imposed by the ﬂuid ﬂow onto the cylinder
by solving Stokes' equation [36]:
Fx kð Þ ¼ lðkÞnUmax ¼ 4pnUmaxf kð Þ þ g kð Þ (12)
where k is the aspect ratio of particle radius to half of channel
width (r/a), and Umax is the maximum magnitude of the velocity
at inlet. f(k) andg(k) are:
f ðkÞ ¼ A0 

1þ 0:5k2 þ A4k4 þ A8k8

gðkÞ ¼ B2k2 þ B4k4 þ B6k6 þ B8k8
The constants are A0 ¼ 0.9157, A4 ¼ 0.0547, A6 ¼ 0.2646,
A8 ¼ 0.7930, B2 ¼ 1.2666, B4 ¼ 0.9180, B6 ¼ 1.8771,
B8 ¼ 4.6655. Note this solution is valid only if k is less than or
equal to 0.5.
The coefﬁcient of nUmax is called the wall correction factor of
the drag force:
lðkÞ ¼ 4p
f ðkÞ þ gðkÞ (13)
It is pretty straightforward to set up the model sketched in
Fig. 5 in LBM-PFC system to evaluate the accuracy of Faxen's
solution. Three simulations are performed in this example. The
radius of the cylinder is chosen to be 0.5; the length of the
channel is set to 20, i.e., 40 times of the cylinder radius; the
lattice spacing is set to 0.005; the channel width is changed so
that the ratio of particle radius to the half width of the channelchannel driven by pressure gradient.
o-dimensional LBM-DEM coupling approach and its application in
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Fig. 5. Channel ﬂow across a ﬁxed particle.
Y. Han, P. Cundall / Petroleum xxx (2016) 1e126(k) equals to 0.1, 0.3 and 0.5, respectively; the ﬂuid has density of
1 and viscosity of 1/120.
In each simulation, the velocities at the inlet and outlet
boundary are ﬁxed at such a value that the resulted Reynolds
number is very small (e.g., 2  104 here), so the creeping ﬂow
condition of Faxen's solution is perfectly satisﬁed.When the ﬂuid
ﬂow reaches steady state, the ﬂuid drag is measured to evaluate
the wall correction factor. The simulation results are compared
with Faxen's solutions in Table 1, in which it can be seen that
numerical results obtained in LBM-PFC coupling simulations
match quitewell with Faxen's solutions at different aspect ratios.
The typical distribution of ﬂow vectors at steady state is pre-
sented in Fig. 6.
Although this problem looks very simple, very complicated
physics can emerge out. For example, if we use a ﬁner (201101)
mesh and keep increasing the Reynolds number at inlet and
outlet, the fabulous von Karman Vortex Street will be developed
as Reynolds number is approaching 47, as shown in Fig. 7.3.2.2. Fluid moment on a spinning particle
When a cylindrical particle is spinning inside a ﬂuid box
(Fig. 8), the ﬂuid will impose viscous resisting moment on the
particle. If the box edge is relatively large in relation to the par-
ticle radius, the ﬂuid moment may be approximately evaluated
from the well-known Taylor-Couette ﬂow solution as:
Mf ¼ 4prvur2 (14)
where u is the particle's angular spinning velocity.
In the LBM-PFC simulation, a cylindrical particle with unit
radius (r ¼ 1) ﬁxed at the center of a squared ﬂuid box is rotating
at a constant angular velocity of 0.05 (u). The edge of ﬂuid box is
set to 20. The lattice node spacing is set to 0.2. The ﬂuid has
density of 1 and viscosity 0.1. During the simulation, the ﬂuid
moment (_mf_num) developed on the particle is monitored and
compared against the prediction (_mf_ana) of Equation (14). The
ﬂow vectors at steady state and the time histories of the nu-
merical and analytical solutions are presented in Fig. 9, fromTable 1
Comparison between LBM-PFC simulation and Faxen (1946).
K LBM-PFC model Faxen
0.1 8.82 8.91
0.3 28.67 27.90
0.5 91.00 92.34
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than 1% (i.e., 0.06334 versus 0.06283) at the steady state.3.3. Fluid ﬂow through porous media
Derived based on the experiments on water ﬂow through
sand beds, Darcy's law describes a linear relationship between
the steady inﬁltration velocity (Darcy ﬂux, i.e., ﬂow rate over the
cross-sectional area) and the pressure gradient (i.e., pressure
difference over the length of ﬂow path) in porous media ﬂow:
Q
A
¼ k p1  p2
L
(15)
where Q is the ﬂow rate; A is the cross-sectional area; p1 is the
pressure at inlet;p2 is the pressure at outlet; L is the length of
ﬂow path; the proportional constant k is the permeability (more
strictly speaking, mobility coefﬁcient).
In this example, we randomly place 200 cylindrical particles
in a 0.1mwide (W), 0.2m long (L) channel, i.e., A equals to 0.1m2
andL is 0.2 m in Equation (15). The ﬂuid ﬁeld has same width as
the channel but slightly larger extension, 0.204 m, in the longi-
tudinal direction so that the boundary ﬂuid nodes fall outside of
the particle region. The lattice node spacing is set to 0.00106 m,
which results in a 193  96 lattice. The choice of lattice speed
20m/s gives timestep of 5.305105m/s. The ﬂuid has density of
1000 kg/m3 and viscosity of 0.01 Pa$s. In this setup, the porosity is
deﬁned as:
n ¼ 1 Ap
A
(16)
where Ap is the sum of area of all the particles inside the channel.
Various porosities can be achieved by expanding or shrinking the
radii of particles.
Since the solid particles are simply serving as the obstacles in
the ﬂow ﬁeld, all particles are ﬁxed. In this example, porosities of
0.116, 0.284 and 0.434 are simulated. In each simulation, the ﬂuid
pressure gradient is increased to ﬁve levels, 6.67 kPa, 13.33 kPa,
20.00 kPa, 26.67 kPa and 33.33 kPa. At each level, the inﬂow at
inlet and outﬂow at outlet are monitored, once their difference
becomes negligible, the ﬂow is considered to have reached
steady state and the Darcy ﬂux is measured at the inlet. A typical
distribution of ﬂow vectors at steady state in the simulation is
provided in Fig.10. Themeasured steady-state Darcy discharge at
various pressure gradients for three targeted porosities are pre-
sented in Fig. 11, which indicates a linear relation between
discharge and pressure gradient, as predicted by Darcy's law.o-dimensional LBM-DEM coupling approach and its application in
p://dx.doi.org/10.1016/j.petlm.2016.07.001
Fig. 6. Flow vector around ﬁxed cylinder in laminar channel ﬂow.
Fig. 7. Karman vortex street (shown by ﬂow vectors) behind the cylinder at around Re ¼ 47.
Y. Han, P. Cundall / Petroleum xxx (2016) 1e12 74. Sand arch in perforation cavity
The arch stability test may be decomposed into three stages,
i.e., generation of particle assembly with desired initial stress
state, creation of perforation, and application of ﬂuid ﬂow
through the particle assembly. In the ﬁrst stage, 900 cylindricalFig. 8. A particle spinning inside a ﬂuid box.
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(x ¼ 15 cme15 cm; y ¼ 15cme15cm). The top and lateral
conﬁning walls have one segment. The bottom wall consists of
three segments; the central segment has length of 3 cm. The radii
of particles are assumed to obey uniform probability distribu-
tion, with the ratio of the largest to smallest radii being 1.66 and
the smallest radius equal to 0.4 cm. To achieve a uniform initial
stress state, the particles are generated with reduced radii ﬁrst
then expanded and cycled several times. The gravity of 9.81m/s2
is also applied. The resulted particle assembly at initial equilib-
rium is shown in Fig. 12, from which it can be seen that a rela-
tively uniform stress distribution is obtained. PFC indicates that
the initial stress is 15 kPa. Note the width of a contact force bar in
the plot is proportional to its magnitude. The particles have
density 3165 kg/m3. The frictional coefﬁcient of 1.0 and stiffness
of 1.5 MPa are set to all the balls and walls.
In the second stage, the central segment of the bottomwall is
removed and the model is solved to equilibrium. To collect the
particles produced from the perforation cavity, a rectangular
container is created below the box of particle assembly. After a
couple particles are produced from the cavity, the model reaches
equilibrium, as shown in Fig. 13. The cavity is retained by an arch
formed around the cavity. Note there is no bond present at
contacts in this model, the self-sustaining capability of arch is
purely provided by the frictional resistance at contacts.
In the third stage, a 286 292 (LBM) ﬂuid lattice is generated.
The lattice extends from 14.9 cm to 14.9 cm in x-direction
and 15.2 cm to 15.2 cm in y-direction. As a result, the lattice
spacing (dx) is equal to 0.1045 cm; in average, each solid particleo-dimensional LBM-DEM coupling approach and its application in
p://dx.doi.org/10.1016/j.petlm.2016.07.001
Fig. 9. Steady state ﬂow vectors around a spin particle inside a squared ﬂuid box.
Y. Han, P. Cundall / Petroleum xxx (2016) 1e128spans around 10 ﬂuid lattice nodes along its diameter. The ﬂuid
density is set to 1000 kg/m3 and viscosity set to 0.01 m2/s. The
lattice speed (c) is set to 200 m/s. The hydraulic radius of a par-
ticle is assumed to be 0.8 of its geometric radius. The velocity is
initialized to zero for all lattice nodes. The particle distribution
functions (PDF) are initialized using Equation (1). The top lattice
boundary is perfectly permeable and subjected to a time-
dependent pressure loading. Two lateral boundaries are imper-
meable. In the bottom boundary, the center area, which repre-
sents the perforation outlet, is permeable; the rest is
impermeable. As indicated in Equation (3), the pressure is linked
to density through sound speed (or, equivalently, lattice speed)
in LBM. The enforcement of pressure boundary condition is
realized by adjusting density at boundary nodes. Since LBM is aFig. 10. Pore-scale ﬂow vector at the se
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across the lattice should be kept relatively small (e.g., 5%).
Greater pressure gradients can be achieved by increasing lattice
speed. In this simulation, the pressure (density) at the lattice
nodes along the perforation outlet (i.e., the central segment at
the bottom) is ﬁxed at 13.33 MPa (1000 kg/m3). A time-
dependent pressure is applied along the top lattice nodes. The
rest boundary nodes in the ﬂuid lattice are marked being solid so
that the bounce-back rule applies in the calculation.
In this ﬂuid-particle system, the ﬂuid timestep is
5.128  106 s/step, the mechanical timestep is 1.0  106 s/step.
To synchronize the ﬂuid and mechanical calculations, the me-
chanical timestep is reduced to 8.547  107 s/step and six me-
chanical computational cycles are taken for each ﬂuidcond stage in the case n ¼ 0.434.
o-dimensional LBM-DEM coupling approach and its application in
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Fig. 11. Measured Darcy discharge versus pressure gradients at steady state.
Fig. 12. Initial equilibrium of the particle assembly; the contact forces (black bars)
also shown.
Fig. 13. Initial equilibrium of the particle assembly with bottom cavity perforated.
Y. Han, P. Cundall / Petroleum xxx (2016) 1e12 9computational step. To saturate the particle assembly, the den-
sity at the top lattice nodes is ﬁxed at 1000.01 kg/m3, a value
slightly greater than that at the bottom nodes. The ﬂuid-particle
coupling system is then solved to steady (equilibrium) state.
There is no particle produced from the cavity at this stage. Then,
the pressure (density) at the nodes along the lattice top is slowly
raised to 133.47 MPa (1001 kg/m3) over 5000 steps then ﬁxed at
that value for 100,000 steps. Hereafter, the pressure gradient,
deﬁned as the pressure difference between the top and bottom
lattice boundaries divided by the sample height (0.3 m), will be
used to describe the ﬂuid ﬂow condition. For example, a pressure
of 133.47 MPa at the top lattice boundary is equivalent to a
pressure gradient of 44.44 kPa/m. It is observed that some par-
ticles are produced because of the pressure gradient increase, as
shown in Fig. 14. It should be noted that the particles produced
from the ﬁrst stage are cleaned from the container before the
third stage starts, so the particles in the container in Fig.14 are allPlease cite this article in press as: Y. Han, P. Cundall, Veriﬁcation of tw
modeling episodic sand production in borehole, Petroleum (2016), httproduced because of the pressure gradient increase. However,
the perforation cavity reaches a new stable state. The close-up
view of the arch around the cavity, contact forces and ﬂow
ﬁeld inside the cavity are presented in Fig. 15.
Repeatedly, the pressure gradient is raised over 5000 steps to,
and then ﬁxed for 100,000 steps at, 53.33 kPa/m, 66.67 kPa/m and
88.89 kPa/m in sequence. There are no particles produced at
the levels of 53.33 kPa/m and 66.67 kPa/m. At the level ofo-dimensional LBM-DEM coupling approach and its application in
p://dx.doi.org/10.1016/j.petlm.2016.07.001
Fig. 14. Equilibrium state under pressure gradient of 44.44 kPa/m.
Fig. 16. Close-up view of perforation cavity at equilibrium state under pressure
gradient of 88.89 kPa/m; ﬂow vectors and contact forces also shown.
Y. Han, P. Cundall / Petroleum xxx (2016) 1e121088.89 kPa/m, some particles are produced from the cavity again;
the particle assembly seems to start becoming disintegrated near
the cavity. It is observed that the disintegrated particles keep
forming new arches but ﬂuid ﬂow keeps destroying them.
However, a stable arch is eventually formed, as shown in Fig. 16.Fig. 15. Close-up view of perforation cavity at equilibrium state under pressure
gradient of 44.44 kPa/m; ﬂow vectors and contact forces also shown.
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133.33 kPa/m, massive particle production is observed and the
particle assembly tends to collapse completely, as shown in
Fig. 17. In general, the collapse and re-forming of sand arches in
the perforation cavity under increasing ﬂuid gradient observed
in the physical experiments [37] seems to be reproducible
qualitatively in our LBM-PFC coupling system, i.e., a self-
sustaining sand arch could be established in the perforation
cavity, with the arch remaining stable until a critical pressure
gradient is reached. After a new collapse, a new sand arch is
established, and is stable until the pressure gradient reaches a
higher critical level.5. Summary and concluding remarks
In our computational framework, LBM is implemented as a
pore-scale ﬂuid dynamics solver in the commercial DEM code
PFC. In order to take advantage of the multiple processors
commonly available in today's personal computers, the compu-
tation of the ﬂuid ﬂow (LBM) and the ﬂuid-particle interaction
aremultithreaded. The implemented LBMmodule can be used as
an independent CFD code for solving hydrodynamic problems, or
coupled with the existing particle assemblage in PFC to simulate
ﬂuid-solid interaction problems.
In this paper, the implementation of LBM is veriﬁed in the
pressure driven channel ﬂow problem. The accuracy of the
immersed boundary scheme is demonstrated by applying the
coupling system to measure the drag force on a ﬁxed cylinder
sitting in middle of the channel ﬂow and the ﬂuidmoment over a
spinning cylinder in a conﬁned ﬂuid ﬁeld. The appropriateness of
the system in modeling porous media ﬂow is illustrated in the
simulation of ﬂuid ﬂow through an array of cylinders, which
indicates the macroscopic Darcy's law can be ideally recovered
from this mesoscopic-microscopic coupling system. As the ﬁrst
practical application example of this coupling system, the sta-
bilization and collapse of sand arch in a perforation cavity sub-
jected to increasing pressure loading is experimented. In sand
arch stability test, the radii of particles are assumed to obeyo-dimensional LBM-DEM coupling approach and its application in
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Fig. 17. Cavity collapse under pressure gradient of 133.33 kPa/m; ﬂow vectors in the background and particle velocity in red.
Y. Han, P. Cundall / Petroleum xxx (2016) 1e12 11uniform statistical distribution. In addition to the particle size
and distribution, many other factors that are relevant in sand
production, such as the stress state, bonding strength, ﬂow rate
and ﬂuid viscosity, perforation size, depth and interval, can also
be modeled in the developed LBM-PFC coupling system. Quan-
titative modeling of sand production in perforation and com-
parison with laboratory data are on-going, which will be
reported in separate papers in the future.
In the last decades, PFC has been widely used to model the
mechanical behaviors of rock and granular materials from
micromechanics perspective. The incorporation of LBM into PFC
seems to be able to extend its modeling capability to new areas in
which the performance of the system is dominated by the ﬂuid-
solid interaction at the local structure scale.
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